Perioperative interruptions generated electronically from anaesthesia information management systems (AIMS) can provide useful feedback such as automated reminders about missing documentation in the anaesthesia record 1-3 or alerts regarding patient monitoring 4 , operating room (OR) management 5 and clinical care 6-8 . However, interruptions (e.g. pages, telephone calls, pop-up messages and emails) during clinical care may adversely affect task performance 9,10 . Ideally such interruptions would occur only when necessary and at times when their impact would be minimal. The purpose of this study was to develop recommendations for the timing of interruptions based on anaesthesia workload, inferred from documentation in the AIMS.
what the individual is doing (e.g. a phone call from the department chair's secretary). These types of interruptions cause the person to stop what he or she is doing and attend to the interruption (e.g. answer the phone). A scheduled interruption occurs at a fixed time facilitating the individual's planning for the task around this anticipated event. Such predictability is uncommon in the OR environment, because the anaesthesia provider does not control the OR workflow. In a mediated interruption, computer software calculates an appropriate time to interject the interruption based on such elements as user workload, task complexity and the number of simultaneous tasks 19 . In a negotiated interruption, the individual can defer the interruption until later (e.g. 'Thank you for the offer of a break but can you come back in 20 minutes?').
Interruptions from an AIMS can combine elements of several different types of interruptions. For example, consider a process that might be implemented to determine the timing of offering lunch relief. There would be: 1) an element of scheduling (the computer only checks the database for personnel needing lunch breaks between 10.45 am and 2.00 pm); 2) an element of mediation (the break provider is informed which cases are likely at a suitable point for a break to be accepted); and 3) an element of negotiation (the provider might ask for the break provider to return later if the patient were unstable). Other types of interruptions are more straightforward (e.g. a mediated reminder if there has been no documentation of antibiotic administration) [6] [7] [8] .
years previously we had envisioned that a sophisticated AIMS would use the extensive data available at the anaesthesia 'cockpit' to provide substantive situational awareness of the anaesthetic. The reality is that performing mediated interruptions is challenging due to heterogeneity in the patterns of provider documentation and annotation of unstructured data (e.g. position changes from supine to prone). We recently performed two studies using AIMS data that have relevance to the current work on mediated interruptions. Anaesthesia providers typically document after the fact 20 , invisible on the extant AIMS record since the time of data entry is available only from the database 21 . In addition, the use of physiologic data alone is insufficient to determine when a case is in a state to accept an interruption as only 14 .7% (standard error of the mean 0.5%) of critical portions of anaesthetics are attributable to physiologic derangement 22 . Given these two limitations and our objective of developing a method that would be applicable to multiple information systems, have face validity and be easily explainable, we decided to focus on the statistical workload in the interval following temporal fiducials (milestones) commonly documented in the anaesthesia record. These events (e.g. induction, intubation, surgical incision, end of surgery and extubation) are typically presented on electronic whiteboards, which are deployed in many hospitals to collect intraoperative data electronically 23 . Combined with information previously published regarding predictions of case end time 23 , appropriate timing for interruptions following the time of the fiducial could be added to these existing displays.
Our approach differs from some prior studies of anaesthesia workload assessment that have involved intensive observations of a relatively small number of cases by highly trained observers 14, 24 . What we describe applies to any facility where perioperative events are accessible in near real-time. Although development was performed using an AIMS, we will show that implementation also can be done using an operating room information management system (ORIMS).
MATERIALS AnD METHODS
Permission to perform this study was obtained from the Thomas Jefferson University Institutional Review Board (Control no. 12D.95) and without requirement for written consent. We extracted data from the AIMS database (Innovian ® , Dräger, Telford, PA) for all cases performed in the Thomas Jefferson University Hospital main operating rooms and ambulatory surgical centre between 1 August 2010 and 31 July 2011 ( Table 1 ).
The attributed time and the time that the anaesthetist performed the data entry were recorded to the nearest second for all events. Events entered and signed electronically by supervising anaesthetists were excluded as we were interested only in capturing workload attributable to the anaesthesia provider. Multiple events triggered automatically by a macro were counted once (e.g. a ten-line entry describing performance of a block was counted as a single event). For drug entries and descriptions of clinical activity, events were imputed between the attributed time and the time that the anaesthesia provider subsequently entered the event in the system, censored at the 75th percentile of the latency between the attributed and documentation times for each category. The 75th percentile (11 minutes for drug entries and 15 minutes for clinical documentation) was selected to eliminate outliers where documentation might have been delayed for reasons other than the anaesthesia provider being busy (e.g. became distracted and forgot to make the entry). For example, if at 9.03 am the anaesthesia provider charted that ephedrine 5 mg had been given previously at 9.00 am, an event ('drug administration') was attributed as occurring during each minute of 9.00 am, 9.01 am, 9.02 am and so on. However if charting occurred at 9.30 am then events were counted only between 9.00 am and 9.11 am. The rationale for this approach is that documentation is expected as soon as possible after an event occurs. A delay in documentation is a marker that the anaesthesia provider was busy with other clinical events that precluded charting (e.g. repeating the blood pressure measurement several times or perhaps administering a fluid bolus).
For example, suppose documentation was entered at 10.00 am that the patient had been turned from the supine to the prone position ten minutes earlier.
During that ten-minute interval our approach inferred that the anaesthesia provider was busy turning the patient. Thus an event ('position change') was added for each of the minutes from 9.50 am to 10.00 am.
For each case the times of the following fiducials were recorded when present ( Figure 1 ): 1) patient enters the OR; 2) induction (first administration of propofol or etomidate); 3) intubation (placement of a tracheal or supraglottic ventilation device); 4) surgical incision (or equivalent); and 5) end surgery. For many cases some fiducials were appropriately absent (e.g. intubation in a case done under neuraxial block). For a few cases expected documentation was missing (e.g. end surgery). We studied the following intervals ( Figure 1 ): 1) enter OR to induction; 2) induction to intubation; 3) intubation to surgical incision; and 4) surgical incision to surgery end. Each event was assigned to an interval between successive fiducials (e.g. induction to intubation-one second) or was set to 'other' if not included in any of the studied intervals.
The first step of analysis was to determine the interim endpoint (MIn50) for each interval. For each combination of cases and minute of the interval there were two data known: 1) whether the case was ongoing at that number of minutes; and 2) whether there was . Enter and leave OR were the times of 'wheels in' and 'wheels out' of the operating room respectively. Intubation was the time of insertion of a tracheal tube or supraglottic ventilating device (e.g. laryngeal mask airway). Induction was the time of administration of the initial dose of propofol or etomidate. Surgical incision was the time that the skin incision was made or, in its absence, the time that the surgical procedure began (e.g. insertion of an intranasal endoscope). End surgery was the time that surgery was completed. Extubation was the time of removal of the airway device (providing that this took place in the OR). Fiducials absent in cases not involving intubation (e.g. neuraxial anaesthetics) are noted by dotted broken lines. Four intervals were studied for each case (where appropriate): 1) enter OR to induction; 2) induction to intubation; 3) intubation to surgical incision; and 4) surgical incision to end surgery. Intervals one, two and three served as positive controls as prior work had demonstrated that these were of short duration and high workload rendering them unsuitable for interruptions. Intervals after the end of surgery were not studied as these were also unsuitable for similar reasons.
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Leave OR Extubation at least one documentation event. Using these two data, a fraction was calculated for each minute. The numerator of the fraction was the number of cases ongoing without attributed documentation from at least that minute to that minute + four minutes, and the denominator was the number of cases ongoing either with or without documentation from at least that minute to that minute + four minutes. Thus the only difference between the numerator and denominator was whether documentation was complete.There was a value of the fraction for each minute from the start of the interval. MIn50 was the smallest number of minutes into the interval when the fraction was larger than 50% (i.e. documentation was complete for most cases).
The primary endpoint of the study for each studied interval was the fraction of the total cases that were still ongoing at the MIn50. We use F50 to refer to the primary endpoint, where F refers to 'fraction', just as MIn refers to 'minutes'. A summary of how the F50 was calculated is subsequently described within this paper with a worked example presented in the Appendix.
To calculate the primary endpoint F50 for each interval, the numerator was the number of cases with that interval present and ongoing at MIn50 minutes. The denominator of F50 was the total number of cases and was the same for all studied intervals. If F50 were large (e.g. 20%) then relying on MIn50 into that interval as a criterion for interruption would be useful. If the F50 were small (e.g. <5%) then that interval would not be useful for deciding when to interrupt the anaesthesia provider. From the prior published task analyses of anaesthesia workload [14] [15] [16] [17] , only the interval from surgical incision to surgery end was expected to be suitable for mediated interruptions. We evaluated intervals during the induction part of cases as positive controls. If our methodology were appropriate then it should identify these intervals as incompatible with an interruption recommendation for most cases. Thus our analysis of potential covariates that were both common and might affect the appropriate choice of MIn50 was restricted to the interval from surgical incision to surgery end.
For example, a binary covariate could be the procedure of ruptured abdominal aortic aneurysm (=1) or not (=0). This covariate would result in large changes in the interval from the start of surgery until a mediated interruption would be appropriate, because the anaesthesia provider and supervising anaesthetist would be occupied in resuscitating the patient. However, this covariate would not be useful because it is a rare event, thus affecting few cases.
We examined many potential factors, but limited consideration to binary covariates that segmented at least 5% of cases (e.g. prone positioning vs not prone positioning). For each covariate we described the segmentation with the less common covariate considered to be the category (e.g. procedure was done under neuraxial anaesthesia or was not). The preceding calculation of the primary endpoint (F50) was performed separately for each pair. For a category to be potentially useful we required that two criteria be satisfied. First, 5% of cases had to be ongoing (F50) at the MIn50. Second, the difference in the MIn50 between the pair (e.g. MIn50 prone vs MIn50 not-prone ) had to be at least five minutes.
Observed percentages given in Table 2 were compared to other percentages listed in the text of the results (i.e. 5 or 20%) using two-sided binomial tests. Clopper-Pearson conservative two-sided confidence intervals were calculated for the percentages in the tables.
RESULTS
A total of 39,707 cases were studied with 88% of cases performed in the main ORs of the hospital and the remainder in the ambulatory surgical centre ( Table 1) . Timestamps were studied from 40,480 anaesthesia methods, 718,650 assessments, 678,935 drug administrations, 1,185,194 events, 236,292 fluids and 756,575 post-anaesthesia care unit orders. In addition, 13,408,685 imputed drugs and events were inserted, one for each minute for backdated entries between the attributed and documentation times and one for each minute when cases were running but no entries were made.
As expected, the intervals from enter OR to induction and induction to intubation were not suitable for mediated interruptions as less than 5% of cases would have remained in the interval (F50) at the MIn50 time for either interval ( Table 2 ). The interval from intubation to surgical incision might be useful for cases with a long interval between these events (Table 2) . Overall, however, less than 20% of the cases would still have been in this interval at the MIn50 time.
At 13 minutes following the start of the interval from surgical incision to surgery end, at least one five-minute interval without any events documented had started for more than half of the cases ongoing in the interval. There were at least 91.6% of cases still ongoing at 17 minutes (Table 2) , where 17 minutes=13+(5-1) minutes. The same value of the MIn50, 13 minutes, was obtained when analysing only cases with either sedation, neuraxial anaesthesia or only cases with general anaesthesia ( Table 2) . 
34.3%
OR=operating room, MIn50=minutes following interval start when >50% of cases with the listed category present had at least one five-minute period with no documentation, UCL=95%
upper confidence limit for the listed primary endpoint percentage, LCL=95% lower confidence limit for the listed primary endpoint percentage, MAC=monitored anaesthesia care (i.e. sedation), GA=general anaesthesia. * The values in parentheses are one side of the conservative 95% two-sided Clopper-Pearson confidence intervals for the percentages. For example, the two-sided 95% confidence interval for the 3.7% in the first row is 3.56 to 3.93%. Two-sided is used to be conservative. The 3.93% is rounded up to 4.0% to be conservative. † Cases in each interval do not equal the total number of cases (n=39707) as not all fiducials (e.g. intubation for MAC) are present in every case, and some documentation events (e.g. end surgery) were omitted inadvertently by the provider. ‡ P <0.0001 for the primary endpoint compared to 5%. ** P <0.0001 for the primary endpoint compared to 20%.
Despite the fact that patients anaesthetised in the ambulatory surgical centre had less physiologically complex procedures 25 , shorter duration procedures, and were more likely to receive monitored anaesthesia care than patients anaesthetised in the main ORs, the value of MIn50 was nearly identical. The value of MIn50 for the surgical incision to surgery end interval was minimally affected by the covariates analysed as indicated by differences in MIn50 being only zero to two minutes (Table 3 ).
DISCUSSIOn
In this study we confirmed that the interval suitable for mediated interruptions is that between surgical incision and surgery end, beginning 13 minutes after the start of the interval. This value was affected only slightly by the type of anaesthetic, the type of procedure, positioning or scheduled case duration. In practice models in the United States and Commonwealth countries there is a relatively short interval from when the patient enters the OR until incision is made, with high workload during this period. We included intervals prior to surgical incision as a positive control, not because we thought that they might be suitable for interruptions, but rather to confirm that our methodology agreed with prior observational studies of workload [14] [15] [16] [17] . Our recommendations refer specifically to non-urgent communications, not to information that needs to be transmitted immediately to the anaesthesia care team to avoid potential patient harm.
Our paper applies to any situation where the person administering anaesthesia would be receiving breaks or be subject to interruptions. Such circumstances would apply to two trainees being supervised by a single anaesthetist or an anaesthetist personally providing care for a long case.
In our decision support system we send notices to anaesthesia providers, 15 minutes after surgical incision, about missing documentation for the current case that should have been completed by that time. This would be a reasonable time for other groups implementing similar systems to use. We used 15 minutes since that was easier to explain and we wanted to round conservatively.
We also confirmed that intervals prior to the surgical incision were not suitable since most cases had passed into a subsequent interval prior to completion of documentation. We expect that as preoperative briefings 26 and timeouts immediately prior to incision 27 become more prevalent, the potential for mediated interruptions prior to the surgical incision will become even less than found in this study.
We used the time of surgical incision as the fiducial for determination when cases are suitable for a break or an interruption rather than the time of OR entrance because variability is reduced. Consider, as an example, spinal and neurosurgical procedures. For such cases, if time were measured from entering the room, prone positioning would need to be a covariate (e.g. anterior vs posterior cervical or lumbar fusion and posterior fossa vs temporal craniotomy). The reason why prone positioning is not a covariate in Table 3 is because timing is measured from surgical incision after the patient has been positioned. The fact that none of the covariates tested in Table 3 made a difference of more than two minutes was not obvious, a priori.
One implication of our findings is that a simple implementation is possible to provide decision sup- EnT=ear, nose and throat. * Cases for the specified category still running at the time listed in the column MIn50+category as a percentage of the total number of cases studied (n=39707). † Minutes (MIn50) following surgical incision when >50% of cases with the listed category present had had at least one five-minute period with no document-ation. ‡ Cases without the specified category still running at the time listed in the column MIn50+category as a percentage of the total number of cases studied (n=39707). ** Minutes (MIn50) following surgical incision when 50% of cases with the listed category absent had had at least a five-minute period with no documentation. port for mediated interruptions. Complex processing of the AIMS database is not required, which is good, because the AIMS data are incomplete to judge activity for individual cases in real-time. Instead all that needs to be detected is the time of surgical incision. This information is also available from OR information management systems, extending the utility of the process to facilities that have not yet implemented an AIMS 28, 29 . Our approach can be considered an extension to that described by xiao et al, where distributed video with controllable cameras and automated display of room entry and exit times from an AIMS was used by supervisors to determine room activity 30 . The information obtained from images within ORs, degraded for privacy, were sufficient to judge temporal fiducials. The fact that the displays were found useful by the nursing directors and anaesthetists suggests the adequacy of the fiducials.
For some interruptions additional information is needed to choose the time of interruption, specifically the estimated times left in the cases 23 . For example, among ORs where a break was appropriate and there was enough time remaining in the case for the break to be completed, the OR with the smallest amount of time remaining would be selected first, otherwise that OR might not be available for an hour due to an inability to complete the break prior to case end. As another example, consider calling into the room to ask the anaesthetist administrative or other non-critical questions. That should be deferred until at least 13 minutes after surgical incision. However, if it were to be that the time remaining in the case is four hours, the person may want to wait an extra 15-30 minutes. We previously published the science and implementation of automatic determination of the time remaining in cases using the same temporal fiducials 23 .
This study has several limitations. First, at 13 minutes after incision half the cases have finished documentation, meaning that the provider is still busy in the other half. The implication of this is that rarely will mediated interruptions be suitable, except for >13-15 minutes following surgical incision.
Second, the data are from a single hospital and the documentation patterns of providers at other facilities may be different. This is unlikely to affect the lack of utility of mediated interruptions before surgical incision, but may affect the timing of the MIn50 during the interval from surgical incision to surgery end. However, the number of events analysed (over 17,000,000), the complexity of the analysis (Appendix), and the fact that we are providing only a prediction when half of cases would have comp-leted documentation, suggests that other facilities will likely not wish to repeat our analysis. If other sites want to be conservative, they should simply round up to 15 minutes following surgical incision and use that as a reasonable threshold for the timing of mediated interruptions during procedures.
A third limitation is that only a single AIMS was studied. Workflow issues related to the software may also influence the workload associated with documentation. Access to the database in near realtime is necessary to be able to provide a recommendation based on detection of surgical incision, although most systems have capabilities to allow display of milestones on an OR dashboard that is sufficient to implement many recommendations.
Finally, a requirement to use our method is that the time of surgical incision is routinely documented in the AIMS or OR information management system, and that this information is available in near real-time. Variability among cases for timing from other fiducials (e.g. enter OR and induction) is too sensitive to differences among procedures ( Table 3) to be of use for predicting when documentation will be completed.
COnCLUSIOn
We demonstrated that a process involving mediation by a computer accessing an AIMS or ORIMS can provide recommendations regarding timing of mediated interruptions to anaesthesia providers and anaesthetists. For some types of interruptions classification may be mixed, incorporating elements of scheduling, mediation and negotiation. Timing and workload factors related to potential negative impact should be considered when anaesthetists are interrupted during intraoperative patient care. We demonstrated that 13 minutes after surgical incision is a reasonable interval to wait for non-urgent interruptions.
APPEnDIx
Calculations of the interim and primary endpoints of the study
Steps to calculate MIn50, the earliest time for an interval lasting from time A to time B when more than 50% of ongoing cases have completed documentation (defined by the presence of five consecutive minutes without any documented events), are explained in a simple example. The period of analysis for determination of MIn50 in this example is 15 minutes. We show how we calculate F50, the fraction of total cases analysed that are still ongoing four minutes after the MIn50.
For the actual analysis, 39,707 cases were represented in each table with up to 240 minutes between the two times bracketing the interval. The number of rows of data that need to be processed to create the initial pivot times of the earliest and latest events during the interval; c) A null value was added for each of the minutes not represented because it was after the last documented event. 4. At this step the pivot table in our example is shown in Matrix 1. 5. For each case, each minute is evaluated to determine if there are no events for that minute and the subsequent four minutes (i.e. five consecutive minutes with no documentation).
Once the first such period of inactivity is noted, '1' is filled in for all subsequent minutes up to three minutes prior to the last minute when the case was still in the interval from A-B). 6. All other minutes not set to '1' are set to '0'. 7. The sum over all the cases for each minute of cases with completed documentation is then computed. This results in the total number of cases for which documentation is considered to have been completed for the listed minute (Matrix 2). 8. next an array is created for each minute of the interval for each case based on whether the case was still running four minutes later (i.e. there is '0' or '1', not a 'null'). 9. The sum over all cases is then computed for each minute. This represents the number of cases at each minute that were still running four minutes after the minute (Matrix 3). 10. Then the ratio for each minute in the interval is computed as the sum of cases with documentation completed divided by the sum of cases running from Matrix 2 and 3. 11. The earliest minute after the start of the interval where the ratio exceeds 50% is then determined, the MIn50 (Matrix 4). 12. For the worked example, MIn50=four minutes. 13. The final endpoint for analysis is the number of cases running at the MIn50. a) From Matrix 3 there were four cases still running at four minutes. b) There were five cases analysed. c) Therefore the final endpoint (F50) for this interval was 80%.
MatRix 4 Determination of MIN50
number minutes following the start of the interval A-B   0  1  2  3  4  5  6  7  8  9  10   number documentation complete  0  1  1  2  3  3  3  3  2  2  1   number cases running  5  5  5  5  4  4  4  4  2  2  1   Ratio  0%  20%  20%  40%  75%  75%  75%  75%  100%  100%  100% 
